Sawmill workers are exposed to wood dust (a well-known carcinogen), microorganisms, endotoxins, resin acids (diterpenes), and vapours containing terpenes, which may cause skin irritation, allergy, and respiratory symptoms including asthma. The health effects of most of these exposures are poorly understood as most studies measure only wood dust. The present study assessed these exposures in the Norwegian sawmill industry, which processes predominantly spruce and pine. Personal exposures of wood dust, resin acids, endotoxin, fungal spores and fragments, mono-, and sesquiterpenes were measured in 10 departments in 11 saw and planer mills. The geometric mean (GM) and geometric standard deviation (GSD) thoracic exposures were: 0.09 mg m −3 dust (GSD 2.6), 3.0 endotoxin units ( The overall correlation between the thoracic and inhalable exposure was strong for resin acid (r p = 0.84), but moderate for all other components (r p = 0.34-0.64). The GM (GSD) exposure to monoterpenes and sesquiterpenes were 1105 µg m −3 (7.8) and 40 µg m −3 (3.9), respectively. Although mean exposures were relatively low, the variance was large, with exposures regularly exceeding the recommended occupational exposure limits. The exposures to spores and endotoxins were relatively high in the dry timber departments, but exposures to microbial components and mono-and sesquiterpenes were generally highest in areas where green (undried) timber was handled. Dust and resin acid exposure were highest in the dry areas of the sawmills. Low to moderate correlation between components (r p ranging from 0.02 to 0.65) suggests that investigations of exposure-response associations for these components (both individually and combined) are feasible in future epidemiological studies.
Introduction
Sawmill workers are exposed to wood dust, microorganisms, resin acids (diterpenes), and endotoxins, as well as vapours containing terpenes. Exposure to dust from both hard and soft wood may cause nasal and sinonasal cancers (IARC, 2012) and possibly lung cancer (Barcenas et al., 2005; Jayaprakash et al., 2008) . Pine dust exposure in sawmill workers has also been associated with skin irritation, allergy, and respiratory symptoms including asthma symptoms and lung function decline (Douwes et al., 2006) .
Wood mainly consists of cellulose, hemicelluloses, and lignin, but also large amounts of terpenes. Monoterpenes are released from the heartwood during sawing and planning. The most common monoterpenes are α-pinene, β-pinene, Δ 3 -carene, β-phellandrene, and limonene, but the composition is dependent on tree species (Fengel and Wegener, 2003) . Exposure to monoterpenes has been associated with irritation of the eyes, mouth and throat, chest tightness, reduced lung function, increased bronchial hyperactivity, and airway inflammation (Hedenstierna et al., 1983; Johard et al., 1993; Dahlqvist and Ulfvarson, 1994; Eriksson et al., 1996) . Both spruce and pine secrete resin acid through resin channels in the wood, which are largest in pine; resin acids exposure may therefore be highest in pine processing. There are two broad categories of resin acids (i.e. abietic and pimaric acids), with abietic acid (AA) being the predominant type in pine and spruce. Abietic acid has been associated with allergic sensitization, respiratory symptoms, and asthma (Ayars et al., 1989; Hessel et al., 1995; Demers et al., 1997) .
Before sawing, wood logs are stored outdoors in a humid environment to prevent cracking. As a result, logs are often colonized by fungi (Dickinson and Levy, 1990; Strong et al., 2005) and bacteria (Rossell et al., 1973) . After sawing, fungi may continue to grow on the timber if the water content is high, as is often the case when it is stored before kiln drying and during the first few hours in the drier. This may lead to exposure to fungi when handling the dried timber, particularly when sorting, and to a lesser extent during sawing and planning of dried timber. Exposure to fungal spores has previously been associated with respiratory symptoms and allergic alveolitis among sawmill workers (Wimander and Belin, 1980; Eduard et al., 1992 Eduard et al., , 1993 .
Bacteria may grow on the inside and outside of trees and may become airborne during handling and processing of the timber, which may also represent a health risk (Dutkiewicz et al., 2001 ). Gram-negative bacteria are particularly relevant as they may contribute to exposure to endotoxins (Douwes et al., 2000) , which have potent pro-inflammatory properties and are associated with symptoms of the airways in a number of industries.
Despite the complex exposure situation involving wood dust and multiple wood-associated chemicals and organisms, with each exposure potentially able to contribute to adverse respiratory health, most studies continue to measure only wood dust. As a result, exposure levels of other relevant components and its impact on respiratory health remains largely unknown. The present study, which is part of a large longitudinal study on respiratory health of Norwegian sawmill workers, assessed exposure levels of dust, microorganisms, terpenes, and resin acids in 11 saw and planer mills, processing predominantly pine and spruce.
Methods

Sampling strategy
Eleven industrial sawmills, sorting, and planning companies in Norway, processing predominantly spruce (Picea abies) and/or pine (Pinus sylvestris) were included in the study. The selection was based on size, location, and wood type. In order to obtain a representative selection of sawmills, we recruited large-and medium-sized industrial sawmills from the two largest actors in the Norwegian wood industry and from independent sawmill companies. Small private sawmills connected to farms were not included. A schematic illustration of the process and the associated job groups are presented in Fig. 1 . In total, 2305 full shift (duration 170-642 min, median 513 min) personal samples were collected involving 1-6 repeated measurements of 205 workers in 10 different departments (in some sawmills staff worked in both the saw and sorting of green timber departments; for these workers we created an addition category, see Table 2 ) in the period 2013-2016. Fourteen workers on each work shift carried small backpacks with sampling equipment for multiple measurements. Three sampling set types were used (Table 1) . Sampling set type 1 collected samples for analysis of terpenes and thoracic dust, resin acids, endotoxin, and fungi. Sesquiterpenes were only collected in the saw and in the planning departments, where the concentrations a priori were thought to be highest. Sampling set types 2 and 3 collected inhalable and thoracic samples in parallel, primarily in the saw department, the sorting of dry timber department and the planning department, where the exposure to the main components were thought to be highest. A description of the work conducted in each department is presented in Table 2 .
Sampling
Thoracic samples were collected using BGI GK2.69 cyclones (BGI Inc., Waltham, MA, USA) mounted with Millipore 37 mm sampling cassettes (Merck Life Sciences, Darmstadt, Germany) at a flow rate of 1.6 l min −1 . Inhalable samples were collected using 37 mm conical inhalable sampling cassettes (CIS; Casella Solutions, Kempston, UK) at a flow rate of 3.5 l min −1 . Samples for dust and resin acid analysis were collected using polyvinylchloride filters (PVC, pore size 5 µm, Merck). Samples for endotoxin analysis were collected using glass fibre filters (GF/A, Merck), and samples for fungal analyses were collected using polycarbonate (PC) filters (Merck). PC filters with pore size 0.8 µm were used for the thoracic fraction, whilst for inhalable samples we used pore size 1.0 µm to reduce the resistance across the filter and maintain the required high flow throughout the work shift. Monoterpenes were collected using Anasorb CSC charcoal tubes (SKC Cat. no 226-01) (SKC Ltd, Dorset, UK) and sesquiterpenes were trapped on Tenax TA adsorbant tubes (Markes Int., Ltd., Llantrisant, RCT, UK), both at a flow rate of 50 mL min −1 . After sampling, the tubes were sealed with rubber caps and swage lock caps, respectively, until analysis. The flow rates were recorded using a digital flow meter (Defender, SKC Inc., Eighty Four, PA, USA) before and after sampling. The average was used to calculate the volume sampled for inhalable samples and mono-and sesquiterpenes samples, whereas the designed flow rate of 1.6 l min −1 for BGI GK2.69 cyclones was used for thoracic dust samples.
Gravimetric measurement of aerosol mass
Gravimetric measurements were performed using a microbalance (Sartorius AG, MC 210p, Göttingen, Germany), and exposure levels expressed in mg m −3 . Unexposed field blanks were included for every 10th sample. If a change in the mean weight of at least two field blanks was detected, we applied an equivalent correction to the field samples from the same series. The quality control procedure also included two certified weights and one set of in-house reference filters used for calibration prior to weighing each series. The gravimetric measurement was performed in a climate-controlled room with continuously monitored temperature (20 ± 1°C) and relative humidity (40 ± 2%). To ensure precise and comparable weighing conditions, all filters were equilibrated for a minimum of 2 days in the climate room prior to the weighing and mounting of the air sampling cassettes. Static electricity was discharged prior to weighing (Staticmaster®, NRD, LLC, NY, USA). The limit of detection (LOD), defined as three times the standard deviation of the blank filters, was 0.023 mg for thoracic dust and 0.011 mg for inhalable dust.
Resin acid analysis
Resin acids were analysed using the same thoracic and inhalable dust samples that were collected to assess dust exposure. Resin acids were extracted using 2 ml methanol. Extracts were then filtered through a 0.20-µm nylon filter and transferred to 2 ml sample vials. Resin acids were subsequently separated by liquid chromatography and analysed using mass spectrometric detection Figure 1 . Process overview at saw-, sorting-, and planer mills. Arrows show the process direction, and the thickness of the arrows indicates which parts were most common. Maintenance and transport included work along the whole process line. FESEM, field emission scanning electron microscopy; GC-MS, gas chromatography-mass spectrometry; LC-MS, liquid chromatography-mass spectrometry; LAL, Limulus amoebocyte lysate assay.
a Fungal fragments were analyzed in two sawmills (n = 69).
b Sesquiterpenes were sampled in saw and planer departments only.
(LC-MS) and atmospheric pressure chemical ionization (APCI) in negative mode. Five resin acids, i.e. 7-oxodehydroabietic acid (7-OXO), dehydroabietic acid (DHAA), levopimaric acid (LPA), AA, and isopimaric acid (IPA) were determined, and exposure levels were presented as ng m −3 for each component individually, as well as the sum of all resin acids. However, as P. abies and P. sylvestris also contain the resin acids palustric acid (PALU) and neoabietic acid (NA) (Fengel and Wegener, 2003) , which have identical masses as LPA, AA, and IPA, we determined the retention time of the resin acids PALU and NA by injecting analytical standards of PALU and NA, which showed that both co-eluted with AA. As the mass spectrometric signal intensities of PALU, NA, and AA were also almost identical, the resin acids PALU, NA, and AA were quantified as AA. The LODs were based on a signal-to-noise ratio of 3:1, and were 0.07 ng for 7-OXO, 0.67 ng for LPA, 0.65 ng for AA, 0.48 ng for IPA, and 0.26 ng for DHAA.
Endotoxin analysis
Endotoxin was extracted using 5 ml endotoxin-free water with 0.05% Tween-20 and shaking at 500 rpm for 1 h, followed by centrifugation at 1000 G/rcf (Douwes et al., 1995) . Supernatants were stored at −20°C until analysis. Extracts were diluted 10-50 times and analysed using the kinetic Limulus amoebocyte lysate (LAL) assay according to the manufacturers description (Lonza Ltd., Basel, Switzerland). Samples were analysed in quadruplicate consisting of two parallel analyses with and without 50 EU ml −1 spike-in control. The concentrations in the extracts were determined by comparison with a five-point standard curve (0.005-50 EU ml ).
Fungal analyses
Fungal analyses were done by field emission scanning electron microscopy (FESEM). Due to different amounts Table 2 . Description of job groups.
Job group/department Description
Saw Debarked logs were entering the saw building, were measured and sawed into timber by bands saws, circular saw, and edge saw. Remote operation of the saws from enclosed control room, and trouble shooting and cleaning 'out' in the production areas Sorting of green timber Cut timber were transported on tracks and manually sorted based on quality by use of docking saw, and subsequently automatically sorted into piles by dimension. In some sawmills, the workers were operating the sorting remotely in an enclosed control room or in elevated, unprotected chairs with joysticks, but were out in the production area for trouble shooting and cleaning Saw/sorting of green timber For two sawmills, the job groups saw and sorting of green timber were combined due to work rotation between the departments Kiln drying Kiln drying of timber under controlled temperature and humidity. The work Included transportation of timber with forklift, operational control of the kiln dryer, fuelling of kiln, and cleaning of boiler Sorting of dry timber Dried timber was transported into the dry sorting building for manually sorting based on quality, labelling, and strapping. The work included cleaning of the production areas with compressed air or broom.
Operators in this part of the sawmills were mostly placed in this dry end of the timberline regularly Sorting of green and dry timber combined Sorting of green and dry timber were done on the same production line, but not simultaneously. One sawmill had this solution. Both green and dry dust were present during work on this sawmill Planing Some of the sawmills had a planing department, where the dried timber were transported into and planed, profiled and resawed. The planer itself was enclosed and equipped with large dust extraction and ventilation systems, whereas the operator positions were not protected, sometimes equipped with local sprinkling to reduce dust levels and nuisance of the dry dust. Planed timber were strapped and wrapped Stock/finished goods Working in the stock/finished goods area included despatching, picking of material for customers, use of wrapping machine and forklift Transport Transport of logs and timber between departments, and wood chips, splinter and bark in the sawmill yard. Mainly outdoor work in forklift or truck with ventilated cabin Maintenance Maintenance workers were a heterogeneous group doing all kinds of repairs and maintenance work all over the sawmill and in the workshop during a day Timber roof trusses A separate department at one of the sawmills where roof trusses were constructed from dry timber. Work included transportation and cutting of timber, and assembly of roof trusses parts of dust on the filter, the thoracic, and inhalable PC filters were treated differently before analysis. A section of the thoracic filter samples was prepared for FESEM analysis without prior washing of the filter. Filters with inhalable dust were washed twice, first with 5 ml, and thereafter with 2 ml of phosphate-buffered saline containing 0.1% bovine serum albumin (BSA). A proportion (0.2, 0.5, or 0.7 ml) was filtered through a 25-mm polycarbonate filter (pore size 0.4 µm) which was prepared for FESEM analysis. Fungal fragments in the thoracic fraction of dust samples from two sawmills were immunogold labelled and analysed as previously described (Afanou et al., 2018) . Fungal spores were identified by their morphology. Spores and fragments were counted as described in Afanou et al. (2018) . The lowest detectable number of particles was defined as 0.5 spores in 100 fields at 3000× magnification, resulting in a LOD of 4018 spores for thoracic filters and 11 645 spores for inhalable filter.
Monoterpene sampling and analyses
The capped charcoal sampling tubes were stored at −20°C until analysis. Monoterpenes were desorbed from the charcoal tubes using 1.5 ml carbon disulphide (CS 2 ) (Rathburn Cat.no. RG2027) at room temperature overnight and analysed using an Agilent 7890A gas chromatograph (GC) (Agilent Technologies, Santa Clara, CA, USA) with an Agilent HP-5 (25 m × 0.32 mm i.d., 1.05 µm film thickness) capillary column and flame ionization detector (FID). The oven temperature was ramped as follows: 35°C for 8 min, 6°C min −1 , 240°C in 1 min. 1 µl was injected in splitless mode with helium as the carrier gas at a flow rate of 1.5 mL min −1 . The injector and detector temperature were both 250°C. Standard solutions of α-pinene, β-pinene, 3-carene, p-cymene, and limonene were prepared in parallel with the samples. Dilution series of each standard were prepared containing a mixture of the monoterpenes at 5 × 10 −4 , 1 × 10 −4 , 5 × 10 −5 , and 1 × 10 −5 ml ml −1 in CS 2 . The desorption efficiency was corrected for by transferring 1.5 ml of the standard solution to a 2-ml sample glass containing coal from the main part of an unexposed charcoal tube. Data generated by GC/FID were collected and evaluated using the GC ChemStation software [B.03.01 (317); Agilent Technologies]. Monoterpenes present in the samples were identified by comparison with the retention time of the reference solutions and quantified against calibration curves with their, respectively, monoterpenes. No terpenes were found in field blanks, and adjustments for this were therefore not necessary. The LODs were based on a signal-to-noise ratio of 3:1, and varied from 0.07 to 0.44 µg ml −1 across the different analytical series.
Sesquiterpene analysis
Identification and quantification of the sesquiterpenes were carried out using a thermodesorption (TD) instrument (UNITY, series2) (TD, Markes Int., Ltd., Llantrisant, RCT, UK) connected to an Agilent 6890 gas chromatograph (GC) and an Agilent 5973 mass-selective detector (MS) (Agilent Technologies, Santa Clara, CA, USA). The sesquiterpenes were separated at a Varian, factor FOUR VF-5 ms capillary column (30 m, 0.32 mm i.d., 1.0 µm film thickness). The GC was operated in constant pressure mode with an initial pressure to give a flow rate of 1.8 mL min −1 and helium as a carrier gas. The GC oven was initially set at 40°C for 7 min followed by an 8°C min −1 ramp to 300°C and finally held for 12 min. The MS was operated in the electron impact (EI, 70 eV) ionization mode. The temperature of the ion source and the quadrupole was 230 and 150°C, respectively. For identification of the sesquiterpenes, the MS was running in full scan mode (35-550 amu). As the total ion chromatogram (TIC) for sesquiterpenes are similar, and it is difficult to identify different sesquiterpenes from their TIC alone, the following compounds available were analyzed: α-longipinen, (+)-longicyclen, isolongifolen, (-)-α-gurjunene, longifolene, trans-β-farnesen, (-)-transcaryophyllene, (+)-β-cedrene, and α-humulene (all from Merck). Several sesquiterpenes were detected, but only α-longipinene could be identified by comparison with an available reference compound (mass spectra and retention time). Quantification of the sesquiterpenes was performed in SIM (single ion monitoring) mode. Three characteristic fragments of sesquiterpenes were monitored and used for identification and quantification: m/z 133, 161, and 204. α-longipinene exposure is expressed as µg m −3 . The rest of the detected, not identified sesquiterpenes (including α-longipinene) are presented as α-longipinene equivalents (µg m −3 ). Blank corrections were made using field and laboratory blanks. Agilent ChemStation software (E.02.02.) and the NIST 11 Mass Spectral Library together with retention times and reference compounds, was used for identifying and quantifying the sesquiterpenes.
Statistical analyses
The exposure data were skewed and approximated a lognormal distribution. Therefore, we used ln-transformed values. Samples with values below LOD were replaced by the respective LOD/√2 and adjusted for air volume (gravimetric and resin acid analysis) and dilution (endotoxin and monoterpene analysis). Samples with no observed spores were replaced by the LOD and adjusted for air volume. Samples with sesquiterpene values between zero and the lowest reference standard were calculated by using a best-fit cubic equation.
The exposure levels are expressed by geometric means (GMs) and geometric standard deviations (GSDs). Correlations between the different exposure components were assessed using Pearson correlation analyses, and a P-value below 0.05 was regarded as statistically significant. IBM SPSS statistics 25 was used for all statistical analyses (IBM, North Castle, NY, USA).
Results
Dust exposure
The mean thoracic dust exposure was 0.09 mg m −3 and the mean inhalable dust exposure was 0.72 mg m −3 (Table 3) , with 10% of the inhalable samples and 0.6% of the thoracic samples exceeding the Norwegian occupational exposure limit (OEL) of 2 mg m −3 for total softwood dust (Arbeidstilsynet, 2016) . The thoracic dust exposure was highest for maintenance workers and workers sorting dry timber and lowest for transport workers and workers in the stock/finished goods department. The inhalable dust exposure was highest for workers involved in kiln drying and sorting of dry timber, and lowest for transport workers and workers in the stock/finished goods department. The correlation between inhalable dust and thoracic dust was moderate (r p = 0.41, P < 0.001), and significant only in the planing department (r p = 0.57, P = 0.001) when analysed by department.
Microbial exposure
Endotoxin
Endotoxin exposure was relatively low for both thoracic and inhalable samples, but exposures varied considerably as shown by the high GSDs (Table 4 ). The recommended health-based OEL for endotoxin (90 EU m −3 , inhalable) (Health Council of the Netherlands, 2010) was exceeded in 4% of the thoracic samples and 11% of the inhalable samples. The thoracic exposure was highest in workers in the saw and sorting of green timber departments. Inhalable exposures were highest in the sorting of dry timber department, followed by the saw department. The correlation between thoracic and inhalable samples were moderate for all samples (r p = 0.64, P < 0.001) and for the different departments (ranging from r p = 0.39, P < 0.05 to r p = 0.61, P < 0.001).
Fungal spores and fragments
Mean fungal spore exposures were all below the LOEL of 1 × 10 5 spores m −3 (Eduard, 2009) (Table 4 ). However, large variance between measurements were observed, and 24% of both thoracic and inhalable measurements exceeded the LOEL. The mean thoracic exposure was highest in the department of saw/sorting of green timber, but was also elevated in the department of combined sorting of green and dry timber. The inhalable exposure was highest in the timber roof trusses department and the department of combined sorting of green and dry timber. However, there were only two measurements in both departments, with the highest level measured in the sorting of green timber department. Both the thoracic and inhalable exposure levels were also elevated in workers in the sorting of dry timber department, the sorting of dry and green timber combined, and the saw department. The maximum exposure was 5 × 10 6 thoracic spores m −3 in the planing department and 1.7 × 10 6 Twenty-eight samples were <LOD for submicronic fragments no samples <LOD for larger fragments.
inhalable spores m −3 in the timber roof trusses department. The levels of thoracic and inhalable spore exposures were weakly correlated when all samples were considered (r p = 0.34, P < 0.5), but in the department for sorting dry timber, the correlation was stronger (r p = 0.68, P < 0.01), whereas it was not significant (or not possible to analyze due to lack of measurements) in other departments.
Based on total particle numbers, there were more fungal fragments than spores in the thoracic samples. The exposure to both the submicronic and the larger fragments were highest in workers in the sorting of green timber department, followed by the saw/sorting of green timber and the planing department, although only two measurements were available for the latter. The correlation between the small and large fragments were strong in all samples (r p = 0.71, P < 0.001), in the saw department (r p = 0.81, P < 0.001), the saw/sorting of green timber department (r p = 0.86, P < 0.001), and in the sorting of green timber department (r p = 0.73, P = 0.09). Only moderate correlation was observed in the sorting of dry timber department (r p = 0.56, P = 0.01), and weak in kiln drying (r p = 0.37, P = 0.3).
Weak correlations between thoracic fungal spores exposure and fungal fragments exposure were observed (r p = 0.34-0.36, P < 0.01), except in the sorting of dry timber department, where the correlation was moderate between spores and SF, LF, or the sum of all fragments (r p = 0.56-0.61, P < 0.01).
Resin acid exposure
The highest mean resin acid exposure was observed in workers in the sorting of dry timber department, the sorting of green and dry timber combined, and in the planning department, whereas the lowest exposures were observed in workers involved in transport and kiln drying (Table 5) . Of all the different identified resin acids in the samples, the mean exposure to DHAA was the highest, in both the thoracic fraction and the inhalable fraction (Table 5) . However, the highest single measurement was 50 µg m −3 thoracic AA and 88 µg m −3 inhalable AA in the dry sorting department. Two percent of the thoracic and 9% of the inhalable measurements exceeded the British long-term 8 h TWA OEL of 50 µg m −3 rosin-based solder flux fume (HSE, 2011), mainly in the dry sorting department. The variance in exposure levels were considerable both within and between departments, but the relative abundance of the different resin acids was similar in both dust fractions. High correlations between the different individual resin acids were observed in both thoracic (r p = 0.74-0.97, P < 0.001) and inhalable (r p = 0.73-0.98, P < 0.001) samples, and the sum of all resin acids correlated strongly with all individual resin acids (r p = 0.82-0.99, P = 0.001 and r p = 0.86-0.99, P < 0.001 for thoracic and inhalable fractions, respectively). The resin acids in the thoracic fraction were highly correlated with the inhalable fraction (r p = 0.84, P < 0.001). However, this was dependent on the department, and the correlation in the saw and in the saw/sorting of green timber department was only moderate (r p = 0.42, P < 0.05 and r p = 0.56, P < 0.05, respectively).
Terpene exposure
The exposure to terpenes was highest in the saw and sorting of green timber department, whereas the lowest exposure was observed in workers in the department for roof timber trusses, stock/finished goods, and transport (Table 6 ). Of the five monoterpenes that were identified, α-pinene exposure was highest in all departments (Table 6 ). The relative pattern of terpene concentration was similar in all departments, except in the saw, sorting of green timber, stock/finished goods, and timber roof trusses departments, where the second highest monoterpene was β-pinene, and not 3-carene, as was found in the other departments (Table 6 ). Very high GSDs were observed for all terpenes, particularly, 3-carene. The number of monoterpene measurements below the detection limit were 4 for α-pinene, 23 for β-pinene and 3-carene, 98 for p-cymene, and 36 for limonene. In general, nondetectable results were observed in departments where exposures were expected to be low, such as transport and stock/finished goods. However, p-cymene exposures were low throughout the saw-and planer mills. The correlations between all individual monoterpenes were high (r p = 0.80-0.96, P < 0.001), also across departments.
Sesquiterpenes exposures were highest in workers in the saw department, with exposures being nearly five times higher than in the planing department (Table 6 ). α-longipinene was the only sesquiterpene that could be identified by a reference compound, but the mean α-longipinene exposure represented only 4% of the mean exposure of all determined sesquiterpenes (and 5 and 3% of the mean total sesquiterpene exposure in the saw and planing department, respectively). The correlation between α-longipinene and the sum of all sesquiterpenes was high (r p = 0.97, P < 0.001). The sesquiterpene exposure was very low compared to the monoterpene exposure (Table 6 ). All single, as well as the sum of all terpenes, were below the present OEL for monoterpenes of 140 mg m −3 (Arbeidstilsynet, 2016) . Table 5 . Thoracic and inhalable resin acid exposure levels in the Norwegian sawmill industry. 
Correlations between exposure components
The sum of all fungal fragments, the sum of all resin acids, the sum of all monoterpenes, and the sum of all sesquiterpenes were used to assess the correlations between all exposure components. The exposure components correlated weakly to moderately within both the thoracic and inhalable fraction (Table 7) .
Discussion
To our knowledge, this article describes the most extensive exposure characterization ever conducted in the saw and planer mill industry. Five resin acids, five monoterpenes, several sesquiterpenes, endotoxin, dust loads, fungal spores, and fungal fragments were measured in personal samples from 10 different departments in 11 Norwegian companies, totalling nearly 2300 samples. The results showed that although mean exposure levels were relatively low for both the thoracic and inhalable fractions, the within and between department variance was generally large. The recommended OELs of 2 mg m −3
for wood dust (total dust), 90 EU m −3 for endotoxin (inhalable), and 1 × 10 5 fungal spores m −3 were exceeded in a proportion of all workers suggesting that at least some of these exposures may contribute to adverse health effects in this industry.
Inhalable dust and monoterpene exposures were comparable to previously reported exposure levels of 0.5-2.2 mg m −3 dust and 0.1-138 mg m −3 monoterpenes in sawmills processing spruce or pine (Eriksson et al., 1996; Teschke et al., 1999; Demers et al., 2000; Douwes et al., 2000; Liljelind et al., 2001; Rosenberg et al., 2002; Yamanaka et al., 2009; Faerden et al., 2014) . Exposure for thoracic dust has previously been reported only in the US wood processing industry (Kalliny et al., 2008) , which showed higher exposures (0.29 mg m −3 ) in sawmills processing softwood than we found in our study (0.09 mg m −3 ). A previous study showed that 9-21% of the total terpene emissions in sawdust from P. abies and P. sylvestris was sesquiterpenes (Granström, 2010) . However, in the current study, sawmill workers were on average exposed to 30 times lower levels of sesquiterepenes than monoterpenes. It is unclear whether sesquiterepenes, at these levels, may contribute to adverse health effects, but as sesquiterpene exposure levels correlated only moderately with monoterpenes it is feasible to assess this in future epidemiological analyses. The GM of 7.5 µg m −3 inhalable resin acid exposure observed in our study was similar to the GM of 8.0 µg m −3 reported by Teschke and colleagues, one of only a few studies in the sawmill industry that measured resin acid exposure (Teschke et al., 1999) . The GM of 1.5 µg m −3 thoracic resin acid exposure was lower than what was measured by Teschke et al., but the GM of both thoracic and inhalable exposure was higher in several departments, particularly the dry sorting and planing department.
Mean inhalable endotoxin exposures in our study were higher than previously observed in New Zealand sawmills (Douwes et al., 2000) , and we also found greater variance between workers as shown by greater GSDs. Thoracic endotoxin exposures were, as expected, lower than inhalable levels, but 4% of the samples nonetheless exceeded the recommended inhalable OEL of 90 EU m −3 . The mean fungal spore (GM 0.4 1 × 10 5 spores m −3 ) exposure was higher than previously reported in a 10-year follow-up study of exposures related to hypersensitivity pneumonitis by Faerden et al. (2014) . The maximum exposure of 5 × 10 6 thoracic spores m −3 and 1.7 × 10 6 inhalable spores m −3 was, however, lower than the maximum of 1 × 10 7 observed in Norwegian sawmills in the eighties (Eduard et al., 1992) . The variation in the composition of fungal particles in thoracic air samples from two of the sawmills included in the present study has recently been described, and revealed that by number of particles, fragments dominated the total count (Afanou et al., 2018) . The GM of 2 × 10 5 fungal fragments m −3 observed in the present study were higher than the arithmetic mean 0.41 × 10 5 m −3 of hyphal fragments observed in strawberry production (Tendal and Madsen, 2011) , but lower than the 30 × 10 5 m −3 observed in grain farming (Halstensen et al., 2007) and the 86.9 × 10 5 m −3 observed in seed handling where it was associated with organic dust toxic syndrome (Madsen et al., 2012) .
This study showed that although the GM exposure was relatively low for some of the analyzed components, the highest exposures for each individual component were observed in different departments, which suggest that for future epidemiological studies a broad exposure characterization is required including sample collection in a wide range of departments. The microbial exposure was highest in workers working with green timber, where microorganisms growing on logs may be released into the air upon handling and cutting of the logs and green timber. High levels of thoracic fungal spores and inhalable endotoxins were also found in workers involved in sorting of dry timber. This is most likely due to microbial colonization of the timber before kiln drying, followed by aerosolization upon handling the dry timber during sorting. As expected, the exposure to mono-and sesquiterpenes were also highest in the green part of the sawmill (i.e. volatile terpenes are released before the timber is dried). Relatively high levels were also observed in the planing department, which may be explained by terpenes residing inside the wood that are released from freshly planed timber. The high exposure level of maintenance workers is probably due to maintenance work in areas of the sawmills where green timber is processed. Dust and resin acid exposure were both highest in the dry areas of the sawmills. Dust and resin acids are probably more easily released into the air in dry departments compared to green departments, due in part to the nature of fresh and dry dust, and the different processes in the different departments. For example, in the green departments, the dust is fresh and damp, and may be more likely to stick to the timber and therefore less likely to become airborne. Sawing will also generate large wood dust particles that quickly settle when aerosolized. Dry wood particles are more likely to become airborne due to less adhesion and higher electrostatic charge, and the sorting and planing processes are likely to generate more dust with smaller particle sizes. The high concentration of resin acids associated with sorting of dry timber cannot directly be explained by corresponding high dust loads, since the correlation between resin acids and dust were only moderate. However, it is possible that resin acids are resident mostly on small dust particles that may not fully represent gravimetric measurements.
The weak to moderate correlations between the exposure level in thoracic and inhalable samples of dust, endotoxin, and fungal spores suggest that future studies may benefit from separate exposure assessment for each fraction as each fractions may differentially affect respiratory health. The same may apply to resin acids, although the concentrations between the size fractions were highly correlated. The present paper showed that the sum of the individual components of resin acids, monoterpenes, sesquiterpenes, and fungal fragments were strongly correlated suggesting that they are representative for these groups of exposure, and could be used in epidemiological analyses instead of the individual compounds. However, the individual composition and correlations may be different for different wood types and environments. The weak or moderate correlation found between the different groups of exposures strongly suggest that they may each be used in future analyses of exposure determinants and associations with respiratory health. Several of the components analyzed have not previously been investigated (either individually or in combination) in epidemiological exposure-response studies. It will therefore be of considerable interest to assess such associations in the future.
Conclusions
Although mean exposures were relatively low for both the thoracic and inhalable fractions, the variance between measurements and departments was large, and levels regularly exceeded the relevant OELs for at least some of the exposures. Although the exposure to spores and endotoxin was relatively high in workers sorting dry timber, the exposures to microbial components and mono-and sesquiterpenes were in general highest in the green part of the sawmills, whereas dust and resin acid exposure were highest in the dry areas of the sawmills. As the highest concentration of each analyzed exposure component were observed in different departments, a comprehensive exposure characterization may be required for a valid risk assessment. Furthermore, low to moderate correlation between components suggest that assessments of exposure-response associations with individual components is feasible in future epidemiological studies.
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